A soluble DNA-dependent DNA polymerase was extracted from wheat embryos. In vitro, the incorporation of radioactive thymidine triphosphate into acid-insoluble material is dependent upon the presence of the enzyme, all four deoxyribonucleo- Germinaton of the Embryo. Wheat embryos were prepared and germinated as previously described (15).
Seed germination is characterized by the activation of metabolism in the quiescent embryo. Marcus et al. (12) have shown that in germinating wheat embryos protein synthesis is initiated 30 min after water imbibition. On the other hand, active DNA synthesis cannot be observed before 15 hr of germination (3) . This synthesis is dependent on protein synthesized before 9 hr of germination (15) .
The sequence of these events renders the germinating embryo a suitable system for the study of the initial steps in DNA replication and for the search of the relationship between replication and the proteins involved in it.
We have previously reported a cell-free system for wheat embryos in which the DNA-dependent DNA polymerase activity in crude extracts from germinated embryos is higher than in ungerminated embryos (15) . In the present work we report the characteristics of the cell-free system for the DNA-dependent DNA polymerase of wheat embryos and the nature of the product synthesized in vitro.
MATERIALS AND METHODS Chemicals. Radioactive and nonradioactive deoxyribonucleotide triphosphates and ammonium sulfate (enzyme grade) were purchased from Schwarz-Mann; ribonuclease A from Sigma Chemical Corporation; calf thymus DNA, salmon testes DNA, and deoxyribonuclease I from Worthington Biochemical; polyd(A-T) and poly(A-U) from Miles Laboratories; Neurospora endonuclease I, prepared according to the technique of Linn and Lehman (9) and DNAs from phages 480 psu. ' (o) and 480 psu,3 (s) (4) were a gift from Mr. Y. Tichauer (Biochemistry Dept., Weizmann Institute, Rehovot). SV40 and BSC DNAs were a gift from Prof. E. Winocour (Genetics Dept., Weizmann Institute, Rehovot).
Germinaton of the Embryo. Wheat embryos were prepared and germinated as previously described (15) .
Preparation of the Enzymatic Fraction. Four grams of isolated wheat embryos were germinated for 18 hr. The embryos were then harvested and homogenized in 80 ml of TM buffer (10 mm tris-HCl, pH 7.6; 20 mm KCl; and 10 mm MgCl2), utilizing a chilled pestle and mortar. The (15) . The reaction was stopped by adding 1 ml of carrier salmon testes DNA solution (100 ±g/ml), 0.5 ml of a saturated solution of Na4P,07, 0.5 ml of 20% (w/v) trichloroacetic acid, and 4 ml of 5% (w/v) trichloroacetic acid at 0 C. The precipitate was collected onto GF/C filters (Whatman). The filters were washed with 25 ml of cold 5% trichloroacetic acid, 10 ml of ethanol-ether (3:1 v/v), and 5 ml of ether, dried and counted by liquid scintillation.
Wheat embryo DNA was prepared according to the procedure of Marmur (13) 
RESULTS
Preparation of the Enzymatic Fraction. The incorporation of 3HTTP into acid-insoluble material was used as a test for deoxynucleotide triphosphate-polymerizing activity. The polymerizing activity is mainly found in fraction II, and there is a 3-fold enhancement in specific activity as compared to the specific activity of the S-100. The yield of activity in fraction II is 50% while fractions I and III are practically devoid of activity. When all the proteins were precipitated between 0 and 90% of (NH4).SO4 saturation, 92% of the initial activity was recovered, indicating that (NH4)2SO4 per se does not inactivate the enzyme.
Incorporation of 3HTTP. A standard reaction mixture in a final volume of 3 ml was incubated at 35 C with 288 feg of fraction II proteins. At different times samples of 0.25 ml were taken off and tested for incorporation of radioactivity into acid-insoluble material catalyzed by fraction II. As shown in Figure 1 , the reaction proceeds almost linearly for 3 hr and then reaches a plateau level. The reaction is dependent on the amount of protein added, and there is a linear relationship between incorporation and protein concentration in the range of 180 to 750 ,ug protein per ml of reaction mixture.
Template Dependence. In order to catalyze the incorporation of 3HTJTP, fraction II requires the presence in the reaction mixture of template DNA. As shown in Figure 2 , increasing amounts of alkali-denatured DNA increase incorporation. However, saturation occurs at a DNA concentration of 16 jug/ml.
In order to test if there is any species specificity for a given template, DNAs of different origin are used in the reaction mixture at the concentration of 20 ,ug/ml. The results summarized in Table I show that there is no species specificity.
Synthetic polydeoxyribonucleotide, poly d(A-T), serves as a good template while synthetic polyribonucleotide, poly(A-U), does not. Native wheat embryo DNA is utilized as template although with less efficiency than alkali-denatured DNA.
Native wheat embryo DNA does not consist only of doublestranded molecules. To prepare a strictly double-stranded DNA, we incubated native wheat DNA with Neurospora endonuclease I, which digests single-stranded DNA but does tide triphosphates are omitted. The incorporation of 'HTTP into trichloroacetic acid-precipitable material is highly dependent on the presence of each deoxynucleotide triphosphate.
Salts Effect. In order for fraction II to be active, MgC12 must be present in the reaction mixture. The optimal MgCl, -concentration is 5 mM. NaCl and KCl do not enhance the activity of fraction II. At concentrations higher than 50 mm these salts are inhibitory.
Temperature Optimum and Temperature Stability. Fraction II is optimal between 30 and 35 C, whereas at 45 C it loses more than 82% of its activity. At room temperature fraction II activity declines by 33% in 6 hr, at 4 C it is stable for at least 2 weeks, and if kept at -17 C, it is still active after 2 months.
Characterization of the Reaction Products. A standard reaction mixture containing, in a volume of 2 ml, 1.44 mg of protein of crude extract was incubated for 3 hr. The mixture was then made 1 M in NaC1O4, and the DNA was extracted by the chloroform-phenol procedure described in Table II (Table IV) . From these results we conclude that 3HTTP is incorporated into a polydeoxynucleotide.
A standard DNA polymerase reaction mixture containing in a volume of 1 ml strictly double-stranded DNA, prepared as described above, was incubated for 1 hr. Thereafter the mixture was divided into two equal parts. One sample was incubated with Neurospora endonuclease I at the conditions described in Figure 3 , while the remaining 0.5 ml was first Samples of 20 Al of reaction product (1284 cpm), prepared as described in the text, were incubated in reaction mixtures that contained in 1 ml: 10 mm tris-HCl, pH 7.6; 20 mm KCI; 10 mM MgCl2; and 40,g/ml of the indicated enzyme. In control I and control II no enzyme was included. RNase was preheated for 10 min at 80 C and at pH 5. KOH treatment was carried out by making the sample 0.3 N in KOH and boiling it for 5 min. All samples, except control I, which was kept at 0 C and KOH treatment, were incubated for 30 min at 30 C. After incubation the reaction was stopped by adding, at 0 C, 1 ml of salmon testes DNA (100 jg/ml) and 2 ml of 10% trichloroacetic acid. The precipitate was collected onto GF/C filters. The filters were washed, dried, and counted. 3 . Sensitivity of the reaction product to Neurospora endonuclease I. Native strictly double-stranded DNA, 20 Ag, prepared as described in Table II were incubated with 208 pAg of fraction II proteins in 1 ml of a standard deoxyribonucleotide triphosphate polymerase reaction mixture. After 1 hr of incubation a sample of 0.5 ml of the reaction mixture was transferred to reaction mixture that had, in a volume of 1 ml, the composition described in the legend to Table II and was incubated at 37 C. The remaining 0.5 ml was heated for 15 min at 90 C and then incubated in the same conditions as the nonheated sample. At the indicated time samples of 0.2 ml were taken off and precipitated with trichloroacetic acid onto GF/C filters. The filters were washed, dried, and counted for radioactivity. 0: Native product; 0: heat-denatured product.
Plant Physiol. Vol heat-denatured and then incubated in the same conditions. After 30 min of incubation nearly all the heat-denatured in vitro synthesized product was digested while 97% of the native product was resistant to Neurospora endonuclease I (Fig. 3) . We conclude, therefore, that most of the product is in a doublestranded conformation.
This result was also confirmed by retention of the reaction product on membrane filters. Two samples of 0.1 ml of purified reaction product (6419 cpm) were made 6 X SSC. One of these samples was alkali-denatured. Both the native and the denatured reaction products were layered on Bac-T-Flex membrane filters (Carl Schleicher and Schuell Co.) which retain single-stranded DNA. Eighty per cent of the native product is not retained by the filter. After denaturation 44% of the counts that were not retained on the first loading are now retained on the filter.
The size of the reaction product which is synthesized by fraction II was compared to the size of the template by sedimentation through sucrose gradients.
In neutral gradient (Fig. 4 ) the in vitro synthesized polydeoxyribonucleotide cosediments with the DNA template. In alkaline gradient (Fig. 5 ) the radioactive peak is partially displaced from the peak of the template toward the top of the gradient. The sedimentation pattern of template and product is the same when the reaction product is analyzed at 30 min, 2 hr, and 3 hr of incubation.
The buoyant density of the reaction product synthesized in the presence of fraction II proteins was compared with the buoyant density of wheat embryo DNA by equilibrium sedimentation in neutral and alkaline CsCl gradients.
Both in neutral and alkaline CsCl gradients (Figs. 6 and 7 ), the reaction product and wheat embryo DNA cosediment. However, in the neutral gradient, the peak of the reaction product is broader than the peak of wheat embryo DNA. In alkaline gradient it has a tail that does not exist in the equilibrium sedimentation pattern of wheat embryo DNA. Neutral sucrose sedimentation of deoxyribonucleotide triphosphate polymerase reaction product and template. A deoxyribonucleotide triphosphate polymerase reaction mixture in a volume of 2 ml having the standard composition, except that DNA concentration was 100 ,ug/ml was incubated at 35 C, with 384 Aug of fraction II proteins. After 1 hr the reaction was stopped, and the reaction product was extracted with chloroform and phenol as described in the text. Neutral 5 to 20% sucrose gradients were prepared in 0.1 x SSC, in a volume of 4 ml over 0.5 ml of 50% sucrose. Samples of 0.2 ml of reaction product were layered on the top of the gradient. Centrifugation was for 6 hr at 40,000 rpm and at 4 C in the SW 50.1 rotor of Beckman ultracentrifuge. Fractions of 10 drops were collected from the bottom. After addition of 0.6 ml of H20 per fraction, the absorbance at 260 nm and the radioactivity into trichloroacetic acid-precipitable material were measured. +: cpm; 0: A200. triphosphate polymerase reaction product and template. Alkaline 5 to 20% sucrose gradient was prepared as described in Figure 4 except that 0.1 N NaOH was included. Centrifugation and further manipulations of the gradient were carried out as described in Figure  4 . +: cpm; 0: Aaso. Wheat embryo DNA and the reaction product were sheared by passing them 10 times through a 27G needle. The mixture was centrifuged for 72 hr at 39,000 rpm and at 20 C in the Spinco SW 50.1 rotor. Fractions of 10 drops were collected from the bottom of the centrifuge tube, and the refractive index of every five fractions was directly recorded. After addition of 0.6 ml of H20 per fraction, the absorbance at 260 nm and the radioactivity in trichloroacetic acidprecipitable material were measured. +: cpm; 0: Am0; 0: density.
Although some differences exist, the main band of the reaction product coincides with wheat DNA band. Therefore, we conclude that most of the reaction product and wheat DNA have the same buoyant density.
DISCUSSION
A DNA polymerase can be extracted from wheat embryos in a soluble form. The incorporation of 3HTTP into acidinsoluble material under the conditions of the assay proceeds almost linearly for 3 hr (Fig. 1) 7 . Equilibrium density sedimentation of the deoxyribonucleotide triphosphate polymerase reaction product in alkaline CsCl. Alkaline CsCl gradient was prepared as described in Figure 6 , except that the DNA solution contained also 0.1 N NaOH. Centrifugation and further manipulations of the gradient were carried out as described in Figure 6 . +: cpm; 0: Ame; 0: density.
is catalyzed by fraction II proteins, and the amount of HTTP incorporated during 1 hr of incubation is proportional to protein concentration, in the range of 180 to 750 jug of protein per ml of reaction mixture.
One of the requirements of the enzyme is the presence of DNA in the reaction mixture. The enzyme does not seem to require any specific wheat DNA base sequence since template of different sources can substitute wheat DNA (Table I) . The enzyme can utilize as a template, denatured, native DNA and, what is -most important, strictly double-stranded DNA (Table  II) . The fact that native DNA is less efficient than strictly double-stranded DNA can be explained by assuming that in the native DNA there are nicks or loops which interfere with the replication of native DNA. This property of wheat embryo DNA polymerase is similar to the one of Escherichia coli DNA polymerase I (17), regenerating rat liver DNA polymerase (11) and calf thymus nuclear membrane-bound DNA polymerase (18) , which can also utilize both native and denatured DNAs as template. In this respect, wheat embryo DNA polymerase differs from cytoplasmic calf thymus (2), phage T2(1), T4(5), and T5(1 6) infected E. coli DNA polymerases, which strictly require a single-stranded template.
From the experiments showing recognition of strictly doublestranded DNA by the enzyme one may also conclude that wheat embryo DNA polymerase is not a repair enzyme that copies single-stranded stretches or fills gaps in the template (8) . If we were dealing with a repair enzyme, strictly doublestranded DNA, where all single-stranded regions had been digested by the Neurospora endonuclease I, could not be utilized as a template.
In addition to a template DNA the wheat embryo DNA polymerase requires all four deoxyribonucleotide triphosphates (Table III) , suggesting that the reaction is not the elongation of the input DNA by a terminal transferase as described in the calf thymus gland (7) . Indeed, if the enzyme was a terminal transferase, omission of three deoxynucleotide triphosphates from the reaction mixture would stimulate the incorporation of the fourth deoxynucleotide triphosphate.
The reaction product is digested by deoxyribonuclease, is insensitive to ribonuclease, and is not hydrolyzed in alkali (Table  IV) . We can conclude, therefore, that the reaction product is a polydeoxyribonucleotide. Retention of the native product on membrane filter and its sedimentation pattern through neutral and alkaline sucrose gradients (Figs. 4 and 5) suggested that in vitro synthesized polydeoxyribonucleotide is in a doublestranded conformation and that the in vitro synthesis might be semiconservative. This was further confirmed by the fact that the native product synthesized on a strictly double-stranded DNA is insensitive to Neurospora endonuclease I, while upon denaturation it is completely digested. The fact that in alkaline sucrose gradients the reaction product sediments more slowly than the template shows that the replication of the template is not complete, and, what is most important, it confirms our claim that the enzyme is not a terminal transferase. Equilibrium density sedimentation in CsCl indicates that most of the product has a buoyant density identical to that of the template.
It can, therefore, be concluded that the enzymatic activity found in wheat embryos is a DNA-dependent DNA polymerase which catalyzes in vitro the synthesis of a double-stranded polydeoxyribonucleotide on a DNA template.
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